We assessed the pools of non-structural nitrogen compounds (NSNC) through a year, thereby addressing the question of whether mature sessile oak [Quercus petraea (Matt.) Liebl.] and beech (Fagus sylvatica L.), which differ in wood anatomy and growth patterns, exhibit contrasting seasonal dynamics of NSNC pools as previously shown for non-structural carbohydrate (NSC) pools. Seasonal fluctuations of NSNC (amino acids and soluble proteins) and NSC (starch and soluble sugars) pools were analyzed in the inner and the outer stem sapwood. In oak, NSC showed marked seasonal variation within the stem sapwood (accumulation during winter and decrease during bud burst and early wood growth), whereas in beech seasonal fluctuations in NSC were of minor amplitude. Even if the distribution and intensity of the NSNC pools differed between the two species, NSNC of the stem sapwood did not show seasonal variation. The most significant change in NSNC pools was the seasonal fluctuation of protein composition. In both species, two polypeptides of 13 kDa (PP13) and 26 kDa (PP26) accumulated during the coldest period in parallel with starch to sugar conversion and disappeared with the onset of spring growth. The absence of seasonal changes in total soluble protein concentration suggests that the polypeptides are involved in the internal nitrogen (N) cycling of the stem rather than in N storage and remobilization to the other growing organs of the tree.
Introduction
Non-structural carbohydrate (NSC) and nitrogenous compounds (NSNC) are known to play an essential role during winter by supplying carbon (C) and nitrogen (N) for maintenance metabolism and during early spring for new growth of deciduous tree species (Kramer and Kozlowski 1979 , Stepien et al. 1994 , Sauter and Witt 1997 . However, detailed investigations of the seasonal dynamics of these compounds in adult broadleaved temperate forest trees, in relation to their natural environment, are more detailed for NSC (Piispanen and Saranpää 2001 , Barbaroux and Bréda 2002 , Hoch et al. 2003 ) than for NSNC. In fact, seasonal dynamics of NSNC such as amino acids and/or vegetative storage proteins (VSPs) have been mainly assessed in young poplar (Stepien et al. 1994 , Black et al. 2001 , Cooke and Weih 2005 , Rennenberg et al. 2010 , tropical tree species (Tian et al. 2003 ) and fruit trees (O'Kennedy and Titus 1979 , Gomez and Faurobert 2002 , Wisniewski et al. 2004 ) whereas data are scarce for adult forest trees. As N can be a growth-limiting factor in natural forest ecosystems (Rennenberg et al. 1998) , the ability of forest trees to store and redistribute N resources internally is a fundamental process conditioning both C and N budgets (Millard and Grelet 2010) . Studies comparing both C and N internal cycles during the life span of forest tree species are lacking and, to our knowledge, the literature mainly concerns tree saplings (Cerasoli et al. 2004a , 2004b , Vizoso et al. 2008 .
When mature trees were studied, the analysis of N pools was commonly restricted to either bark or wood of young organs (Wetzel and Greenwood 1991, Wisniewski et al. 2004 ) but rarely to stem sapwood whereas NSC storage in this compartment
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Downloaded from https://academic.oup.com/treephys/article-abstract/31/8/843/1673681 by guest on 15 October 2018 was well characterized in several temperate tree species (Hoch et al. 2003) . Barbaroux et al. (2003) showed that stem sapwood was quantitatively the main C-storage compartment in adult oak and beech trees and that stored NSC provide a large part of the C required for winter maintenance respiration and for spring growth in adult oak, and to a lesser extent in adult beech.
Sessile oak and beech are two of the most widespread temperate broadleaved species in the north-east of Europe. They differ in wood anatomy (Gasson 1987) and exhibit contrasting growth patterns. In oak, a ring-porous species, the tree achieves earlywood growth before leaf expansion in spring and C autotrophy (Dougherty et al. 1979 , Hinckley and Lassoie 1981 , Bréda and Granier 1996 . By contrast, in beech, a diffuse-porous species, stem growth begins after leaf expansion. In the stem sapwood of these species, Barbaroux and Bréda (2002) showed contrasting seasonal dynamics of NSC, in agreement with the contrasting growth pattern of these species and a different radial distribution of NSC based on ring age for the two species. In oak, NSC were restricted to the sapwood rings and were highly mobilized during spring, whereas in beech, NSC were distributed throughout the wood from the outermost sapwood ring to the pith and spring growth was less dependent on stored C. These dynamics reflected differences in the management of C sources (reserves, photoassimilates) by the two species.
In the present study, we aimed to describe the seasonal course of NSNC in the inner and the outer stem sapwood of mature oak and beech trees. We assessed NSNC pools through a year, thereby addressing the question of whether these species, which differ in wood anatomy and growth patterns, exhibit contrasting seasonal dynamics of NSNC pools as previously shown for NSC pools. Although the dynamics of C pools have already been studied in trees of both species originating from the same forest sites Bréda 2002, Barbaroux et al. 2003) , the trees analyzed in the present study were 10 years older. Here, we compared the seasonal fluctuation of NSNC (amino acids and soluble proteins) with that of NSC (starch and soluble sugars) in the inner and the outer stem sapwood of 50-year-old oak and beech trees. In addition, the seasonal dynamics of soluble protein composition were analyzed in order to identify some specific proteins whose function will be discussed in relation to phenology and climatic conditions.
Materials and methods

Study site
The study was conducted in a pure stand of sessile oak [Quercus petraea (Matt.) Liebl.] in the state forest of Champenoux, France (48°44′ N, 6°14′ E, elevation 237 m) and in an almost pure stand of common beech (Fagus sylvatica L.) in the state forest of Hesse, France (48°40′ N, 7°05′ E, elevation 300 m), both from natural regeneration. In 2008, oak and beech trees were 50-55 and 45-50 years old, respectively. All the standard climatic variables were measured in weather stations monitored by INRA installed close to the study sites. Daily minimum and maximum air temperatures were calculated from hourly data during the study period. Mean annual precipitation was 744 and 820 mm, respectively. Stand characteristics of both sites are given in Table 1 ; for additional details on soil type, see Bréda et al. (1995) and Granier et al. (2000) . Four dominant or codominant trees of each species were selected for the experiment. Mean stem diameter at breast height was 17 and 22 cm for beech and oak, respectively.
Bud burst and stem increment monitoring
Bud burst was recorded every 2-3 days from the beginning of April to the end of May on the same trees. Bud development was described according to a six-stage scale (dormant winter buds, swollen buds, broken buds, just-unfolded leaves, unfolded leaves and developed leaves with shoot elongation). Bud burst was achieved when the tree reached the unfolded leaf stage (Bréda and Granier 1996) , which corresponded to the onset of both leaf expansion and increase in leaf area index. Stem radial increment was measured on all trees every 5 days with dendrometer bands anchored at 1.3 m height.
Wood sampling
One core (5 mm diameter and 10 cm long) was sampled on each tree every month from October 2007 to October 2008. The first sample was taken in the northerly direction and the following monthly cores were shifted a few centimeters to the left of the previous one and thus distributed in a spiral along the stem circumference at 1.3 m height. Previous measurements in Bréda et al. (1995) and 2 Granier et al. (2000) .
these two stands have shown no effect of stem orientation on carbohydrate concentration (Barbaroux and Bréda 2002 Barbaroux and Bréda (2002) showed a sharp radial decrease in carbohydrate content toward the pith, sapwood was divided into two compartments according to ring age: the 2 most recent rings (outermost sapwood designated 'RR' in the study) and the 8-10 older rings (innermost sapwood designated 'OR'). All samples were weighed, finely ground (Mixer Mill MM200, Retsch, Germany) and then stored in the dark in airtight vials for biochemical analyses.
NSC analyses
Soluble sugars were extracted from 15 (RR) to 20 mg (OR) of dry matter (DM) of each sapwood compartment with 1 ml of 70% (v/v) methanol/water for 10 min and then centrifuged at 17,000g for 5 min at 4 °C. This step was repeated twice and the resulting supernatants were pooled together. The pellet was retained for starch analysis and the supernatants, containing soluble sugars, were dried overnight with a vacuum evaporator (Maxi-Dry Plus; Hetomodel DW1, 0-110, Heto-HOLTEN A/S Allerod, Denmark) to eliminate methanol. Dried extracts were rehydrated in 1.5 ml of distilled water, redissolved by sonication and then filtered at 0.2 µm (Acrodisc ® Supor ® filter; 0.2 µm, Van Waters Rogers). Undiluted aliquots of 30 µl were injected into a high-pressure liquid chromatography system (Gold ® Beckman Coulter, Software 32 karat™) to determine soluble sugar concentration and composition. Soluble sugar separation was achieved on a HyperRez XP Carbohydrate Pb 2+ separation column (8 µm 300 × 7.7 mm; Thermo Electron, Courtaboeuf, France) fitted with a precolumn (HyperRez Pb 2+ 5 × 3 mm; Thermo Electron). The flow rate was maintained at 0.6 ml min −1 , the pressure between 6.8 × 10 6 and 10 × 10 6 Pa and the column temperature at 83 °C. Individual carbohydrates were eluted from 0 to 30 min after injection. The sugar peaks were detected by light scattering (Sedex 45 ELSD system, Seder, Vitry sur Seine, France). Peak identification was determined according to the retention time of commercial carbohydrate standards. Sucrose, glucose, fructose and mannose were the main sugars detected. Sugar concentrations were determined by peak height and standard calibrations. The pellet was analyzed for starch concentration by hydrolysis with 0.02 N NaOH for 30 min at 100 °C followed by digestion with amyloglucosidase (from Aspergillus niger, EC 232-877-2, Sigma Aldrich, Saint Quentin Fallavier, France) for 30 min at 50 °C in order to hydrolyze starch into glucose molecules. Glucose was quantified using hexokinase and glucose-6-phosphate dehydrogenase followed by spectrophotometric determination of NADPH formation at 340 nm (Boehringer 1984) .
Soluble sugar and starch concentrations were expressed on a DM basis (% DM). Their sum was named NSC.
NSNC analyses
Total amino acid concentration was determined on an aliquot of 50 µl of the soluble fraction (see above) by colorimetry at 570 nm (spectrophotometer UV-visible DU 640 B, Beckman Coulter, Fullerton, CA, USA) as described by Yemm and Cocking (1955) using ninhydrin with leucine as standard.
Soluble proteins were extracted from 15 (RR) to 40 mg (OR) of DM mixed with 500 µl of extraction buffer [62.5 mM Tris HCl pH 6.8, 2% (v/v) sodium dodecyl sulfate (SDS), 10% glycerol and 28 mM dithiothreitol (DTT)] in a micro-tube, using a ball mill (Retsch MM 301, Gmbh & Co, Germany) twice for 45 s. Samples were centrifuged twice at 32,000g for 20 min (17 °C). Soluble proteins were precipitated with 4 volumes of 10% trichloroacetic acid in cold acetone and 28 mM DTT and stored at −20 °C overnight. The following day, proteins were collected by centrifuging at 16,000g, 4 °C for 10 min, and then washed four times with 1.5 ml of cold acetone and 28 mM DTT. After each washing, the mixture was stored for 30 min at −20 °C, and then centrifuged at 16,000g, 4 °C for 15 min. The final pellet was air-dried at room temperature (30 min) and then solubilized in 15 µl of Laemmli buffer (62.5 M Tris-HCl pH 6.8, 2 M SDS, 10 M glycerol, 28 mM DTT and 5 mM bromophenol blue). Protein concentration from the solubilized pellet was determined by RC-DC Protein Assay (Bio-Rad RC DC Protein Assay 500-0121). The remaining pellet was boiled for 5 min and then cooled at room temperature.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Laemmli (1970) with a MiniProtean II electrophoretic unit (Bio-Rad) using a 4% stacking gel and a 12.5% running SDS-PAGE. Proteins from 10 and 25 mg of DM were loaded in each lane for RR and OR, respectively. Gels were stained with 0.1% (w/v) Coomassie Brilliant Blue G-250 and destained with 25% (v/v) ethanol and 7% (v/v) acetic acid. Gels were digitized with a Bio-Rad model GS 690 Imaging densitometer scanner. The integrated intensity of protein bands was measured manually using Bio-Rad MultiAnalyst software (Quantity One ® ) and then plotted relative to the total intensity of the proteins in the lane. Each SDS-PAGE corresponds to protein extracts from one compartment of a single tree sampled at one of the 13 dates. PAGE was performed on cores collected on two of the sampled trees. Correct repeatability was observed at most time points in sapwood compartment and species.
Amino acid and soluble protein concentrations were expressed on a DM basis (% DM). Their sum was named NSNC.
Statistics
Separate analyses were performed in each species using a mixed effects linear model, with date (13 levels), compartment
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Downloaded from https://academic.oup.com/treephys/article-abstract/31/8/843/1673681 by guest on 15 October 2018 (two levels: RR and OR) and their interaction as fixed effects. A tree random effect and possibly a tree × compartment interaction random effect were introduced in models to account for pseudoreplicates. When heteroscedasticity was present, variance was modeled as a power function of the predicted one. The best combination of random effects and variance models was selected according to log-likelihood ratio tests with the same fixed effects model. Post hoc tests were then performed to compare dates within each compartment and compartments within each date. Some sugar concentrations (glucose and fructose in beech) were mostly zero over several months, which violated the normality assumption of residuals and then the models above were applied only on dates (October to April) with mostly non-zero concentrations ( Table 2 ).
All analyses were performed with R version 2.12.2 (R Development Core Team 2011). Mixed models were fitted with the lme function of R core package nlme version 3.1-98 (Pinheiro et al. 2011) . Post hoc tests with control of familywise error rate were performed with the glht function of multcomp version 1.2-5 R package (Hothorn et al. 2008) . 
Results
Daily mean air temperatures
Bud burst, leafy period and stem growth during 2008
Sessile oak and common beech differed in their growth pattern. For sessile oak (Figure 1) , bud burst and stem girth increment started on 18 April. For beech (Figure 2 ), bud burst started on 25 April and stem growth started a month later (on 20 May) compared with oak. Bud burst was achieved by 7 May in both species, whereas stem growth persisted until the end of August. The leafy period lasted until the end of October. (Figure 1 ). The increase in hexose concentrations resulted mainly from glucose and fructose accumulation (Table 3) , whereas mannose Seasonal changes in C and N non-structural compounds 847 concentration did not display any seasonal variation. Starch and sucrose concentrations were significantly lower in OR than in RR during the growth period whereas glucose and fructose concentrations were significantly lower in OR than in RR during winter. Among NSNC, amino acid concentration displayed seasonal variations in OR only (Table 3 ) and was significantly lower from January to February and from March to June than in October 2007. The soluble protein concentration in RR and OR was rather stable through the year (Table 3) . By contrast, the composition of soluble proteins showed annual variations, as illustrated in Figure 1b. A maximum of nine polypeptides were detected in RR and their apparent molecular weight ranged from 13 to 158 kDa (Figure 1b) . A change in the overall protein patterns was observed between winter and summer. Two polypeptides of 13 kDa (PP13) and 26 kDa (PP26) accumulated during winter whereas higher molecular weight polypeptides were less abundant (PP87-PP119) or absent (PP158). The accumulation of PP26 was maximal in January and accounted for 23% of total soluble proteins in RR and for 32% in OR. The Seasonal changes in C and N non-structural compounds 849 Table 3 . Monthly NSNC (soluble proteins and free amino acids) and NSC (starch, sucrose, glucose, fructose and mannose) concentrations (% DM) in the most recent rings (RR) and oldest rings (OR) in the stem sapwood of 50-year-old Q. petraea (Matt.) Liebl. Different letters in the same line indicate significant differences between dates (at P < 0.05). Stars indicate significant differences between compartments: *P < 0.05, **P < 0.01, ***P < 0.001. accumulation of PP13 in RR was maximal in March and it was not detected in OR (not shown). After bud burst (May), PP26 was less abundant and PP13 disappeared. During June and July, PP13 and PP26 were absent whereas higher molecular weight polypeptides were more abundant (PP87-PP119) or present (PP158). PP26 started to accumulate from August to October in both RR and OR.
Seasonal variations in NSC and NSNC in sessile oak
Seasonal variations in NSC and NSNC in beech
Concerning NSC, no difference was observed between RR and OR and the concentrations were rather stable through the year (Figure 2c (Table 4) . Amino acid and soluble protein concentrations did not display significant seasonal variation. However, soluble protein composition showed annual variation (Figure 2b) . A maximum of seven polypeptides were detected with a molecular weight ranging from 13 to 84 kDa. In RR, a major polypeptide of 26 kDa (PP26) accumulated during the winter period. A polypeptide of 13 kDa (PP13) was also detected in February in RR but the band intensity was lower than that of PP26. The accumulation of PP26 was maximal in February and accounted for 33% of total soluble proteins in RR and for 24% in OR. In February, PP13 accounted for 15% of total soluble proteins in RR and was not detected in OR. During spring growth, PP26 levels decreased (between May and June) to disappear afterward. After the end of stem growth (August), PP26 started to accumulate in both RR and OR.
Discussion
In the stem of mature oak, the outermost sapwood, which is known to contain most of the living parenchyma cells (Kramer and Kozlowski 1979 ) accumulated more NSNC than the inner sapwood. Such distribution can be advantageous by reducing the distance for N transport to sink tissues (Staswick 1994) . By contrast, NSNC were equally distributed between the inner and the outermost sapwood in beech. These contrasting results for the two species are quite similar to those for NSC observed by Barbaroux and Bréda (2002) and in the present study. Thus, we can hypothesize that oak and beech trees have contrasting seasonal dynamics for both C and N pools. During the dormant period (October 2007 -March 2008 , deciduous trees are leafless and the stem depends exclusively on stored reserves. In temperate climates, this period is characterized by a decrease in day length and in air temperature. As a consequence, trees undergo endodormancy, which prevents growth during transitory periods of warm temperatures and sustains synchronized spring growth (Rowland and Arora 1997) . During this period, C is stored as starch and soluble sugars (Kozlowski and Pallardy 2002) and N is stored as amino acids and proteins (Dickson 1989 ). In our results, free amino acid concentrations were nearly two times higher than soluble protein concentrations in the sapwood of oak. However, taking into account mean N content of proteins (0.23 g N g −1 proteins, Yeoh and Wee 1994) and of amino acids (0.13 g N g −1 amino acids), N concentration in the two compounds was thus comparable.
In temperate climates, air temperature often decreases below zero during the endodormancy phase, which can induce irreversible damage at the cellular level species in not cold acclimated (Repo et al. 2008) . Consequently, temperate trees have to develop cold hardiness mechanisms to avoid intracellular freezing. Among NSC, we observed starch conversion to soluble sugars, which is a common response to cold hardiness in trees (Kramer and Kozlowski 1979 , Piispanen and Saranpää 2001 , Poirier et al. 2010 ) and more particularly in oak species (Thomas et al. 2004 , Morin et al. 2007 , Repo et al. 2008 . Overall NSC concentrations decreased in winter, in the outermost sapwood of oak (Figure 1c) , reflecting presumably C use in maintenance respiration (Ögren 2000) . Starch to sugar conversion occurred concomitantly with changes in soluble protein composition. During the same period, two polypeptides of 13 kDa (PP13) and 26 kDa (PP26) accumulated in the stem sapwood of both species. Since the stem was considered to be self-sufficient during this period, the polypeptides could originate mainly from existing N pools (soluble proteins, amino acids). Given that amino acid and soluble protein concentrations did not change during the cold period, we hypothesized that the accumulation of PP13 and PP26 resulted from the breakdown of higher molecular weight polypeptides that were less abundant during this period. As PP13 and PP26 accumulated mostly during the period of lowest air temperature, they may have a protective function in cold hardiness. Freezing conditions may induce extracellular ice formation by drawing water from cells and the resulting cellular dehydration may cause damage to membranes and protein denaturation. In overwintering plants, various biochemical changes can take place to cope with such stresses. These include synthesis of antifreeze proteins, which prevent ice formation (Griffith and Yaish 2004) , and of soluble sugars, which can preserve proteins and membranes against freeze drying (Hoekstra et al. 2001) . As cold acclimation and dormancy development occur at the same time in woody perennials, it is difficult to ensure that qualitative protein changes are specifically related only to freezing tolerance (Pagter et al. 2008) . For example, in peach bark, Wisniewski (1999) characterized a 60 kDa VSP as a dehydrin, which had a role in cold acclimation. The pattern of PP13 and PP26 accumulation fits that described for storage proteins, being present in large quantities in winter and nearly or completely absent during summer (O'Kennedy and Titus 1979, Staswick, 1994) . However, the seasonal stability of the pool of total soluble proteins could suggest a protective function rather than a storage function in the stem sapwood. At the beginning of the growth period (April 2008), bud burst and leaf expansion were initiated allowing the recovery of sap flow. Unlike beech, starch remobilization occurred in the stem sapwood of oak, as already demonstrated by Barbaroux and Bréda (2002) . This remobilization could be linked to the high demand of NSC needed during spring reactivation (bud burst, twig growth, early wood growth in the stem). Large multiseriate rays in oak are especially appropriate structures to mobilize NSC from old sapwood rings. However, in June, starch pools did not completely disappear in the stem sapwood of oak, as shown previously for different temperate tree species (Hoch et al. 2003) . NSC accumulation can thus be higher than C needs for growth and leads to C sequestration rather than storage (Millard and Grelet 2010) . Spring growth of beech seemed to be less dependent on C stored within the stem sapwood, which confirms the results of Barbaroux and Bréda (2002) obtained on younger trees originating from the same site. In fact, the small vessels of beech are less vulnerable to winter embolism (Gasson 1987, Hacke and Sauter 1996) and hydraulic conductivity is partially conserved from year to year. Stem radial growth starts after leaf expansion and C needs are more likely to be supplied by new assimilates rather than from the storage pool within the stem sapwood (Kozlowski 1992, Barbaroux and Bréda 2002) . Hoch et al. (2003) suggested that in beech, branches rather than stem contributed more efficiently to new leaf growth. Barbaroux et al. (2003) also showed a significant decrease in NSC levels of beech branches between October (maximum NSC levels) and June (after full leaf expansion). These contrasted results for NSC in oak and beech are not similar to those of NSNC. According to Millard (1988) , N is considered to be stored if it could be remobilized from one tissue for the growth or maintenance of another. The seasonal stability of the NSNC pool during the growth period suggests that NSNC are not remobilized from the stem sapwood of either species. The breakdown of PP13 and PP26 could lead to the release of amino acids which could be used to sustain internally wood growth rather than exported to other N sinks. Polypeptides with higher molecular weight were expressed in June in the protein electrophoretic profile of RR, mainly in oak, and could be related to wood growth processes. In poplar stem, xylem-linked proteins were expressed during summer (Vander Mijnsbrugge et al. 2000) at the expense of bark storage proteins.
During the vegetative period (July-October 2008), starch refilling started between July and August in both species whereas stem growth was still ongoing as previously shown (Lacointe et al. 1993, Barbaroux and Bréda 2002) . Starch accumulated until the end of the vegetative season in October when NSC reached their maximal concentrations in both species, whereas PP13 and PP26 started to accumulate only with leaf senescence. As N is essential for photosynthesis processes within leaves, the replenishment of N reserves in perennial organs of deciduous tree species starts with leaf yellowing in early fall (Dickson 1989, Sauter and Witt 1997) . In fact, 40-80% of foliar N is recycled from senescent leaves in autumn (Chapin and Kedrowski 1983 , Millard and Proe 1991 , Vizoso et al. 2008 , resulting mainly from Rubisco degradation (90%), which constitutes the main source of N reserves (Kang and Titus 1980) .
In conclusion, we showed that NSNC pools in both oak and beech did not exhibit contrasting seasonal dynamics as shown for NSC pools. The seasonal course of NSNC is comparable between the two species and was mainly illustrated by marked changes in soluble protein composition in the stem sapwood. These results suggest local changes in protein composition and a function in the internal N cycling within the stem rather than a translocation toward the other parts of the tree. The identity and function(s) of the observed polypeptides require further studies. The stem sapwood is quantitatively the most important storage organ at the tree level in adult trees; however, additional research is needed to investigate the seasonal variation of NSC and NSNC in the other perennial organs (e.g., coarse roots and branches) and to assess their role in C and N balances at the tree level.
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